Abstract Background/Aims: Krüppel-like factor 2 (KLF2) plays an essential role in the inhibition of endothelial cell and macrophage activation during the inflammatory process. However, the roles of KLF2 in chondrocytes and the pathological progression of osteoarthritis (OA) remain unknown. The aim of this study was to investigate the function of KLF2 in the inhibition of cartilage matrix destruction in chondrocytes. Methods: RT-PCR and western blot analysis was used to determine the expression of KLF2 in human chondrocytes. Luciferase assay, ELISA assay and MMP-13 enzymatic activity assays were used to investigate the effects of KLF2 in regulating MMP-13 expression. Western blot analysis was used to examine the effects of KLF2 in suppressing degradation of type Ⅱ collagen. Results: KLF2 is expressed in primary chondrocytes and is downregulated in OA chondrocytes. Expression of KLF2 in primary chondrocytes was reduced in response to IL-1β. Overexpression of KLF2 robustly inhibited IL-1β-induced MMP-13 expression. Conversely, knockdown of KLF2 markedly exacerbated MMP-13 expression. Mechanistically, KLF2 could suppress the activation of MMP-13 promoter. However, knockdown of KLF2 could promote the activation of MMP-13 promoter. Importantly, overexpression of KLF2 ameliorated the degradation of type Ⅱ collagen while silencing of KLF2 exacerbated the degradation of type Ⅱ collagen induced by IL-1β. Conclusions: KLF2 may be a potential therapeutic target for OA treatment.
Introduction
Degradation of articular cartilage is an important hallmark of osteoarthritis (OA) [1] . Type Ⅱ collagen and aggrecan in chondrocytes are the two main components of the cartilage extracellular matrix, which play essential roles in maintaining cartilage integrity [2] . Matrix metalloproteinases (MMPs) are a family of enzymes that mediate irreversible matrix degradation and subsequent joint destruction in OA. Irreversible degradation of type II collagen mediated by MMP-13 occurs early in the pathogenesis of OA. MMP-13 expression co-localizes with type II collagen degradation in active OA lesions. Moreover, OA chondrocytes express MMP-13, which efficiently cleaves type II collagen [3] . Pro-inflammatory cytokines such as interleukin-1β (IL-1β) have been shown to be involved in the progression of OA [4] . The role of IL-1β in cartilage degeneration is associated with its ability to induce apoptosis in human articular chondrocytes (HACs) [5] . IL-1β up-regulates MMP-13 expression and triggers the inflammatory process [6] . Notably, IL-1β promotes degradation of certain components of the cartilage extracellular matrix, such as type Ⅱ collagen, and disrupts cartilage integrity [7] . Therefore, disrupting the activity of pro-inflammatory cytokines and subsequent MMP-13 expression has become an important strategy for reducing cartilage degradation in OA [8, 9] .
Krüppel-like factors (KLFs) are a subclass of the zinc finger family of DNA-binding transcription factors that share homology with the Drosophila gene Krüppel [10] . Many KLFs contain zinc finger domains located at the C-terminus, which bind to similar DNA sequences, such as the "CACCC" elements or the "GT box." [11] . Krüppel-like factor 2 (KLF2) is a member of the KLF family [12] . KLF2 is expressed in T cells and vascular endothelial cells (ECs) [13] . KLF2 has an anti-atherosclerotic and anti-inflammatory capacity in ECs in response to proinflammatory cytokines. The pro-inflammatory cytokine IL-1β has been reported to inhibit the expression of KLF2, while KLF2 suppresses the induction of vascular cell adhesion molecule-1 (VCAM-1) and the endothelial adhesion molecule E-selectin in response to various proinflammatory stimuli [14] . However, it remains unknown whether KLF2 is expressed in chondrocytes. In addition, the role of KLFs in OA inflammation remains to be defined.
Materials and Methods
Cell culture and treatment HUVECs were purchased from Lonza (Walkersville, USA). Cells were cultured in EBM-2 media with supplemental growth factors in accordance with manufacturer's instructions. The mouse chondrogenic cell line ATDC5 was obtained from RIKEN. Human chondrogenic cell line OUMS27 was purchased from the Health Science Research Resources Bank. ATDC5 and OUMS27 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS). Cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 . OA cartilage samples were collected from eight OA patients. Normal samples were collected from ten patients with femoral neck fractures who underwent femoral head replacement surgeries. Samples were washed 3 times with PBS and then cut into small pieces, followed by sequential digestion of the extracellular matrix with pronase (0.15%, w/v) for 2 h and collagenase (0.2%, w/v) overnight at 37℃. After centrifugation at 1000 × g for 15 min, cells were suspended in DMEM/Ham's 12 supplemented with 10% (v/v) fetal calf serum (FCS), 2 mM L-glutamine, penicillin (0.1 U/ml), streptomycin (100 ng/ml), and 250 ng/ml amphotericin B. Isolated chondrocytes were seeded in 75 cm 2 culture flasks at a density of 2.5 × 10 4 cells/cm 2 . The study was approved by the ethics committee of Luoyang Orthopedic Hospital, Henan. Samples were collected after participants submitted the required written informed consent.
Real-time polymerase chain reaction (PCR)
Total RNA from cells were isolated using Qiazol reagent (Qiagen, USA). RNA was reverse-transcribed into cDNA using a Revert Aid First Strand cDNA Synthesis kit (ABI, USA). cDNA was used for real-time PCR on an ABI Prism 7000 sequence detection system (ABI, USA) using SYBR Green PCR Master Mix (Qiagen) in accordance with the manufacturer's instructions [15] . The relative abundance of mRNA from the perspective target genes was calculated after normalization to GAPDH. The following primers were used in this study:
Human KLF2: forward, 5'-TGCGGCAAGACCTACACCAAGAGT-3'; reverse, 5'-AGCCGCAGCCGTCCCAGTT-3'; human MMP-13: forward, 5'-CCAGTCTCCGAGGAGAAACA-3'; reverse, 5'-AAAAACAGCTCCGCATCAAC-3';
human GAPDH: forward, 5'-CCACATCGCTCAGACACCAT-3'; reverse, 5'-CCAGGCGCCCAATACG-3'. cDNA content of the target genes in each group was normalized to GAPDH. The relative expression levels of the target genes were analyzed using the comparative threshold cycle (2 -ΔΔCt ) method.
Western blot analysis
Cells were lysed using RIPA buffer with a protease and phosphatase inhibitor cocktail (Sigma-Aldrich). Equal amounts of proteins (15 μg) were subjected to 10% SDS-polyacrylamide gel electrophoresis and then electrotransferred onto polyvinylidene difluoride (PVDF) membranes. Membranes were probed with primary antibodies overnight at 4°C followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000) for 60 min. Blots were developed using a western chemiluminescence system. The following antibodies were used in this study: rabbit polyclonal anti-KLF2 antibody (1: 1000, #ab203591, Abcam, USA); rabbit polyclonal anti-GAPDH antibody (1:3000, #G9545, Sigma-Aldrich); mouse monoclonal anti-β-actin antibody (1: 10000, sc-130300, Santa Cruz Biotechnology, USA); rabbit polyclonal anti-collagen II antibody (1: 1000, #ab34712, Abcam, USA).
Immunocytochemistry
Cells were cultured on chamber slides. After washing 3 times with PBS, cells were fixed in 4% formaldehyde for 30 min at room temperature (RT). After blocking with 2% bovine serum albumin (BSA) for 1 h at RT, cells were incubated with rabbit anti-human KLF2 (1:200, Abcam) overnight at 4℃, followed by TRITC conjugated goat anti-rabbit IgG (1:100, Santa Cruz) for 2 h. Nuclei were stained with DAPI (4',6'-diamidino-2-phenylindole dihy-drochloride), and staining was visualized using fluorescence microscopy (Olympus, Tokyo, Japan).
Luciferase assay and reporter construct
The luciferase reporter vector pGL3 basic (Promega) was used to construct a plasmid containing the proximal 370 bp of the human MMP-13 promoter. The MMP-13 promoter construct p370-Luc was generated by PCR using a 5'-sense primer containing the appropriate MMP-13 promoter sequence using the following primers: 5′-CCAACAGTACCG-GAATGCCAAGC-3′ (forward) and 5′-CGGGTACCATGGGCGTACACATA-3′ (reverse). Human KLF2 and a non-specific control siRNA were acquired from Invitrogen, USA and packaged into lentiviruses in accordance with the manufacturer's instructions. Human lentiviral KLF2 was purchased from ABM, Inc., CA. Human chondrocytes were transiently transfected with MMP-13 reporter and β-galactosidase vector (#E1081, Promega). Cells were seeded with about 80% confluence into a 24-well plate at a density of 1 × 10 5 per well. Then, 2.5 μl lipofectamine reagent (Lipofectamine 2000, USA) was diluted in 50 μl Opti-MEM medium, and 1μg DNA (β-galactosidase vector and MMP-13 reporter plasmid) was diluted with 50 μl Opti-MEM medium. Equal volumes (50 μl) of DNA-lipid complex and lipofectamine reagent were mixed at a ratio of 1:1. The mixture was incubated for 5 min at RT and then added to cells. Transfected cells were incubated for 48 hours at 37℃. Luciferase activity was measured and normalized for transfection efficiency using β-galactosidase activity.
Enzyme linked immunosorbent assay (ELISA) assay
Culture medium was collected for ELISA assay using a MMP-13 ELISA commercial kit (#DM1300, R&D Systems) in accordance with the manufacturer's instructions. Then, 100 µl assay buffer was added to the 96-well solid phase sandwich ELISA plate, and 50 µl sample or control standard was added and incubated for 2 h at RT on a shaker. After washing 3 times, 200 µL of conjugate was added to each well and incubated for 2 h at RT. Next, 200 µl substrate solution was added and incubated at RT for 30 min. Then, 50 µl stop solution was added into each well. Absorbance recorded at 450 nm was used to represent the concentration of MMP-13. Results were indexed as a relative value by normalization to the untreated control group.
MMP-13 enzymatic activity assays
Cell culture supernatants were collected to determine MMP-13 activity using a fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (Calbiochem, UK) [16] . Briefly, 20 ml of culture supernatant was mixed with an equal amount of 4-aminophenylmercuric acetate (1.5 mM) (APMA, Sigma-Aldrich) diluted in Tris-HCl reaction buffer. Fluorogenic MMP-13 substrate was then added to the reaction system at a final concentration of 10 mM and incubated for 4 h in darkness at 37℃. The resulting fluorescence signals were assessed using a Fluostar Optima spectrofluorimeter at an excitation wavelength of 325 nm and an emission wavelength of 393 nm. Results were indexed using arbitrary units of fluorescence and were normalized to the uncontrolled group.
Statistical analysis
Data are presented as means ± standard error of mean (SEM). Statistical analysis was performed by a two-tailed student's t-test for independent samples or analysis of variance (ANOVA) for multiple comparisons. P values less than 0.05 were considered statistically significant.
Results
To study the involvement of KLF2 in cartilage metabolism, the RT-PCR method was used to determine the expression of KLF2 in cartilage cells at the mRNA level. The results in Fig. 1A show that KLF2 was expressed in primary chondrocytes. Additionally, it was found that KLF2 is expressed in cells from the ATDC5 and OUMS27 chondrogenic cell lines. HUVECs were used as a positive control. KLF2 expression in primary chondrocytes and chondrogenic ATDC5 and OUMS27 cells was confirmed by western blot analysis (Fig.  1B) .
We next investigated whether KLF2 is involved in cartilage metabolism dysfunction in OA patients. KLF2 expression in normal and OA chondrocytes was determined by realtime PCR. As shown in Fig. 2A illumination of KLF2 staining was weaker in chondrocytes from OA cartilage than in those from normal cartilage. Western blot analysis revealed that the level of KLF2 was significantly lower in chondrocytes from OA cartilage than in those from normal cartilage (Fig. 2C) .
Pro-inflammatory cytokines are critical contributors in the pathogenesis of OA. Interestingly, KLF2 expression has been reported to be reduced by pro-inflammatory stimuli, such as IL-1β, in endothelial cells [14] . However, it remains unknown whether pro-inflammatory cytokines influence KLF2 expression in chondrocytes. To investigate the influence of pro-inflammatory cytokines on the expression of KLF2, chondrocytes were treated with IL-1β for various periods of time and with various doses. mRNA and protein expression of KLF2 was examined using real-time PCR and western blot analysis, respectively. The results indicate that expression of KLF2 at both the mRNA (Fig. 3A) and protein levels (Fig. 3B ) was significantly reduced in chondrocytes incubated with IL-1β (20 ng/mL) within 24 h. Minimal mRNA and protein levels of KLF2 were observed after 4 h and 16 h incubation with IL-1β. In addition, IL-1β reduced the expression of KLF2 at both the mRNA (Fig. 3C ) and protein levels in a dose-dependent manner (Fig. 3D) . MMP-13, a matrix metalloproteinase, is an especially important catabolic factor for ECM degradation in OA. We analyzed the influence of IL-1β on MMP-13 expression in chondrocytes. The results in demonstrate that levels of MMP-13 mRNA in chondrocytes were obviously augmented after incubation with IL-1β for 2 to 24 h and peaked at 4 h. Similarly, levels of MMP-13 protein also increased significantly after incubation with IL-1β for 4 to 24 h, and peaked at 16 h (Fig. 3F) . In addition, immunoassay analysis of culture supernatant demonstrated that stimulation of primary human chondrocytes with IL-1β increased MMP-13 activity in a dose-dependent manner, which peaked at 16 h, and is positively correlated with the amount of protein but not with the amount of mRNA (Fig. 3G) .
There was an obvious negative correlation between the increase in MMP-13 and the reduction in KLF2 induced by IL-1β in chondrocytes, suggesting a relationship between these two proteins. Here, we examined the effect of KLF2 on IL-1β-induced elevation of MMP-13. Chondrocytes were infected with lentiviral KLF2 for 24 h, followed by treatment with IL-1β. Successful overexpression of KLF2 at the mRNA and protein levels is shown in Fig. 4A and Fig. 4B , respectively. Real-time PCR and ELISA results indicate that KLF2 significantly ameliorated the expression of MMP-13 at the mRNA and protein levels ( Fig. 4C and 4D) in the presence or absence of IL-1β. To further evaluate the role of KLF2 in regulating MMP-13 expression, the expression of KLF2 in chondrocytes was knocked down by siRNA. Successful knockdown of KLF2 is shown in Fig. 5A and 5B. The results in Fig. 5C and 5D demonstrate that the elevation of MMP-13 induced by IL-1β was potently enhanced by silencing of KLF2. Taken together, these data suggest that KLF2 can regulate MMP-13 expression in chondrocytes.
To understand the mechanism by which KLF2 regulates MMP-13 gene expression in chondrocytes, we investigated the effects of inactivation of the MMP-13 promoter using a luciferase assay. As shown in Fig. 6A , IL-1β significantly increased the promoter activity of MMP-13, which was ameliorated by overexpression of KLF2. In contrast, MMP-13 promoter activity was significantly higher in cells transfected with KLF2 siRNA both in the presence and absence of IL-1β stimulation (Fig. 6B) ( <0.05) .
Degradation of components of the ECM, such as type II collagen, is one of the most important pathological characteristics of OA. MMP-13 is a major executor of type II collagen degradation. Thus, we investigated the effects of KLF2 on type II collagen degradation. Our results indicate that IL-1β treatment resulted in a significant reduction in the amount of type II collagen. However, overexpression of KLF2 significantly ameliorated the reduction of type II collagen (Fig. 7A) . In contrast, silencing of KLF2 exacerbated the degradation of type II collagen (Fig. 7B) .
Discussion
Previous studies have outlined that several signaling pathways and transcription factors have been implicated in inflammation associated with OA [17, 18] . The present in vitro study revealed that KLF2 prevented cartilage matrix degradation induced by the pro-inflammatory cytokine IL-1β in human primary chondrocytes. Firstly, we reported that KLF2 is expressed in primary chondrocytes and chondrogenic cell lines ATDC5 and OUMS27 cells for the first time. Secondly, we found that KLF2 was downregulated in chondrocytes from OA patients. Thirdly, KLF2 was found to suppress the expression of MMP-13 induced by IL-1β. And lastly, KLF2 inhibited IL-1β-induced type Ⅱ collagen degradation.
Owing to its high expression in lung tissues, KLF2 was initially termed lung Krüppel-like factor (LKLF). KLF2 is highly expressed in the vascular endothelium and has an antiinflammatory capacity [19] . Notably, KLF2 inhibits endothelial cell activation in response to diverse pro-inflammatory stimuli by affecting the common pro-inflammatory pathway nuclear factor (NF)-кB [20] . KLF2 has been found to suppress inflammation by downregulating MCP-1, VCAM, and TM and upregulating eNOS in endothelial cells [21] . Excessive expression of proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and IL-1β, have been found in OA chondrocytes [22] . IL-1β has been widely used in in vitro models as an agent for OA induction [23] . The results of this study revealed for the first time that KLF2 is indeed expressed in primary chondrocytes. KLF2 may be downregulated in OA chondrocytes due to elevated levels of pro-inflammatory cytokines. Several previous studies have demonstrated that KLF2 could inhibit the production of inflammatory cytokines in different types of cells and tissues. It has been reported that myeloid KLF2 deficiency enhances the expression of IL-1β and TNF-α [24] . Importantly, KLF2 has been identified as a potent inhibitor of NF-κB activity and attenuates its ability to activate gene transcription [14] . NF-κB is a central transcriptional factor that regulates inflammation-related signaling pathways in numerous diseases, including OA [25] . Studies have demonstrated that NF-κB triggers the expression of an array of genes that induce destruction of the articular joints, thereby leading to the onset and progression of OA. Interestingly, NF-κB has been reported to regulate the effects of IL-1β on the transcription of MMP-13 in human chondrocytes [26] . The anti-inflammatory capacity of KLF2 has been widely correlated to its inhibitory effects on the binding ability of NF-κB. Given the central role of NF-κB in modulating the expression of matrix metalloproteinases and pro-inflammatory cytokines, we speculated that KLF2 may regulate MMP-13 expression and degradation of collagen type Ⅱ by modulating NF-κB activity. In addition, it is possible that KLF2 inhibits the expression of proinflammatory cytokines, such as IL-1β and TNF-α, in human chondrocytes. Therefore, additional investigation is necessary to study the NF-κB/ KLF2 axis and to elucidate the underlying mechanisms of KLF2's action on OA onset and progression.
Type II collagen is the major structural protein in cartilage and is also essentially unique to cartilaginous tissues. Our results demonstrate that KLF2 inhibits type Ⅱ collagen by suppressing the expression of MMP-13, suggesting the potential role of KLF2 in the treatment of OA. In addition to MMPs, aggrecanases and other catabolic enzymes have been considered to play an important role in the extracellular matrix, both directly and indirectly [27, 28] .
Investigations of the effects of KLF2 on the activity of these enzymes are ongoing in our laboratory. Pharmacological modifiers of KLF2 expression have been identified in previous studies. Further exploration of the underlying mechanisms may allow the introduction of these licensed pharmacological agents to be utilized for the treatment of OA. For example, statins have been widely used to treat primary and secondary coronary heart disease. Interestingly, multiple lines of evidence have shown that the atheroprotective effects and cholesterol-lowering abilities of statins are mediated by KLF2 [25] . Interestingly, mevastatin, a member of the statin family, has been proven to reduce inflammatory cell infiltration and cartilage degradation by suppressing the expression of IL-1β, MMP-3, and MMP-13 in rabbit synovial tissues [26] . In addition, KLF2 has been reported to be involved in the antiinflammatory ability of montelukast, another licensed drug clinically used for the treatment of asthma [29] . However, it must be noted that there is a delicate balance between pro-and anti-inflammatory mechanisms in human joint cartilages [30] . KLF2 is the transcription factor that counter-balances the inflammatory response. Pharmacological intervention of KLF2 may easily disturb the inflammatory balance, resulting in the danger of unwanted sideeffects such as an impaired immune response.
To conclude, our findings suggest that KLF2 may be a potential therapeutic target for the treatment of OA. Further research will provide us with a more complete picture of the underlying mechanisms of KLF2 and other Krüppel family members in the pathological progression of OA. 
